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Tropical forests in the Americas are changing too slowly to track climate change
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Abstract: Understanding the capacity of forests to adapt to climate change is of pivotal importance
for conservation science, yet this is still widely unknown. This knowledge gap is particularly acute in
high biodiversity tropical forests. Here we examine how tropical forests of the Americas have shifted
community traits composition in recent decades as a response to changes in climate. Based on
historical trait-climate relationships we found that, overall, the studied functional traits show shifts of
less than 8% of the expected shift given observed changes in climate. However, the recruit
assemblage shows shifts of 21% relative to climate change expectation. The most diverse forests
on Earth are changing in functional trait composition, but at a rate that is fundamentally insufficient
to track climate change.

One-Sentence Summary: The trait composition of tropical forests in the Americas is changing
but not fast enough to keep track of climate change.
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Main Text

Forest responses to human-driven perturbations, such as climate change, will largely
determine the diversity and function of the terrestrial biosphere through this century and
beyond. Tropical forests in the Americas host the greatest concentration of tree species in the
world (7), including six key biodiversity hotspots (2) and half of Earth’s most intact tropical
forests (3). In the face of threats from climate change and continuing loss in area and integrity
(3, 4, 5, 6), it is both critical and urgent to understand the ability of these complex systems to
adapt to change and survive.

Within tropical American forests (referring to all forests encompassing continental
areas from Brazil to Mexico), lowland forests provide relatively homogenous climatic
conditions over large areas, potentially allowing the existence of common functional
adaptations over large spatial extents. In contrast, across mountain forests climatic conditions
tend to change rapidly in space, potentially facilitating rapid turnover of functional adaptations
to local environmental conditions. In Amazonia, changes in precipitation patterns and more
frequent droughts have led to an increase in the recruitment of dry-affiliated species
(xerophilization) (7). In the Andes, rising temperatures have led to increasing abundances of
species tolerant to higher temperature (thermophilization) (8). Across Mesoamerica it is
expected that climate change will cause an expansion of tropical dry forests to higher
elevations (over 200 m above current average elevation) (9). However, tree species may be
unable to shift their distribution fast enough to track their climatic niche, given their slow
demography (e.g. growth and recruitment), the prevalence of dispersal limitation (70) and
different environmental tolerances at different life stages (71). All these limitations would
increase the vulnerability of tree species to climate change across tropical American forests.
For instance, in higher latitudes recent work has shown large range contractions of tree
species rather than range expansions or shifts (72). Changes in climate across the tropical
Americas are expected to become stronger, with some scenarios projecting temperature
increases of up to ~4°C and precipitation reductions close to 20% by 2100 (73, 14, 15). This
would likely increase the vulnerability of current tree species assemblages as they would face
climates they have not previously experienced (76), potentially selecting for no-analog future
plant communities (17).

Functional traits mediate species responses to environmental change, impacting plant
performance and species distributions (18, 719, 20). These morphological, structural,
chemical, and phenological characteristics tend to show consistent relationships with climate
and soil conditions (27). Recent work has shown positive relationships between mean annual
temperature and leaf area, specific leaf area, leaf nitrogen, wood density and leaf thickness
(22) depicting plant functional adaptations to local environmental conditions. Other work has
detected a negative relationship with elevation for specific leaf area and leaf nitrogen,
potentially as adaptation to cooler environments with lower nutrient availability (22). Hence,
these traits are tightly linked to the capacity of species to respond to environmental changes.
For instance having large area can increase leaf temperature due to higher solar absorption,
while smaller leaves dissipate heat more effectively and help avoid water losses. Plants with
lower specific leaf area, i.e. with thicker and tougher leaves, tend to be more resistant to
drought as these can better resist water loss. High wood density is tighly related to increased
resistance to cavitation which can increase their capacity to survive droughts. Therefore, a
trait-based approach provides a promising framework for predicting the impacts of climate
change and resilience across forest ecosystems (19, 23, 24).

It is still unclear how shifts in the abundance and distribution of species translate into
changes in the functional trait composition, and what functional changes have occurred
through the last half century as a response to the onset of a warmer, drier and more variable
climate across the tropical Americas. Moreover, it is unknown if forest-level functional shifts
are more attributable to differential growth among the surviving trees than to the addition (i.e.
recruitment) or removal (i.e. mortality) of trees to the assemblage. It is also uncertain if these
functional shifts match the direction of climate change, and if so, whether the rate of functional
trait change keeps pace with climate change or lags behind. Understanding the above will

7
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allow the quantification of the present, and likely future, capacity of forest to adapt to a
changing climate and to uncover which functional trait characteristics may confer forests
higher adaptation capacity to a changing climate.

Here, we address these knowledge gaps by analysing 415 long-term forest plot sites
monitored over more than 40 years (1980 - 2021). This dataset includes information on the
identity, size, recruitment and mortality of >250,000 individual trees across the tropics from
Mexico to southern Brazil. Our effort spans relatively undisturbed forests from the lowland
tropics (hereafter forest plots <700 m elevation) to pre-montane and montane zones (>700 m
elevation; henceforth referred to as montane) from the Andes to subtropical fringes (Fig. 1;
data S1). These forests are distributed along a wide range of climatic and soil conditions (Fig.
1B) and have experienced strong changes in climate over the past decades (Fig. 1C). We
combine this monitoring and analysis of changes in the plant community composition with
measurements of 12 plant functional traits that are potentially involved in responses to a
changing climate. These include photosynthetic capacity (Asa), leaf chemistry (content of
carbon: C, nitrogen: N and phosphorus: P), leaf area (Area), specific leaf area (SLA), leaf fresh
mass (FM), leaf thickness (“Thickness”), abundance of deciduous species (DE), adult
maximum height (Hmax), wood density (WD) and seed mass (SM) (table S1). Tree functional
trait data were obtained for several plots from local field collections carried out by collaborators
(25, 26, 27), the Global Ecosystems Monitoring network (GEM; gem.tropicalforests.ox.ac.uk)
(28), and ForestPlots (www.ForestPlots.net) (29) in addition to databases from BIEN
(bien.nceas.ucsb.edu), TRY (www.try-db.org) (30) and Diaz et al. (79, 37).

We first investigate long-term plant trait-environment relationships to understand how
climate drives trait distributions in tropical forests of the Americas and if these relationships
are consistent across lowland and montane forests. We expect temperature and water
availability to be the main drivers of plant trait distributions, with warmer and drier areas
facilitating the dominance of more conservative trait syndromes (e.g. smaller and thicker
leaves, higher wood density, lower photosynthetic capacity) in comparison to warm and wetter
areas (32, 33). Moreover, we expect trait-environment relationships to differ between lowland
and montane forests given the different climatic ranges of these forest types.

We then examine how and where lowland and montane tropical American forests have
shifted in their functional trait composition due to changes in the plant community taxonomic
composition over the last four decades. We do this by analysing the annual rate of change
(Ar) of the trait community-weighted mean (CWM) for all forests (lowland and montane
together) and for lowland and montane forest separately. Because of the long lifespan of
tropical trees (34) and their slow turnover, we performed this analysis at the full community
level and separately for the recruiting (‘recruit’), mortality (‘fatality’), and surviving (here
onwards ‘survivor’) assemblages (Fig. 2). Analysing changes at the full community level
(involving all trees >10 cm DBH alive) allows us to understand how communities are changing
in their trait CWM given tree growth, survival and recruitment together. Analysing the survivor
(change in CWM given by growth) assemblage alone will allow gaining insights into potentially
more resistant trait values, while analyses for the fatality assemblages will identify potentially
less resistant trait values. The recruit community will impact the full community level trait
composition dependent on their basal area and will provide information on potentially better
adapted trait values to the current climate that allow them to recruit into the community, as
well as indicate the possible composition of future forests.

We further analysed if observed changes in trait composition have been enough to
track climate change to date by comparing observed and expected trait changes based on
historical trait-environment relationships (see materials and methods (35)). This climate
change tracking analysis was carried out for the full community, survivor and recruit
assemblages but not for the fatality assemblage because these individuals will not contribute
to future change (Fig. 2).

Given exposure to a drying and warming climate, we could reasonably expect
increased abundance of species exhibiting more drought-tolerance traits (i.e. in the ‘slow’
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section of the plant economics spectrum) (36), such as high wood density (e.g. to prevent
cavitation) (37) and smaller, thicker leaves (e.g. for lower evapotranspiration and reduced
radiation exposure) (38). However, it's also possible that increasing drought will drive a shift
toward drought-avoidance traits, notably deciduousness (often associated with more
acquisitive leaves) (32, 39). Seed traits play a pivotal role in the reproduction and dispersal
capacity of species (40). Under an unstable, warming and drying climate, we might expect
species with smaller wind-dispersed seeds to increase in abundance (41). This is because
wind-dispersed seeds, which are more common in drier and more seasonal biomes, tend to
be smaller than animal-dispersed seeds (42). However, other factors, such as wind and fire
disturbance, defaunation of frugivorous seed-dispersing mammals and birds, may disrupt the
expected trends in seed traits as these drive more strongly their shifts at short time scales
than a changing climate (43). If migration is an important component of species response to
climate change, we would also expect montane forests to show stronger functional responses
than lowland forests given their more varied climatic conditions at shorter distances (8, 33),
which make it potentially easier to migrate to a favorable climate than in the lowlands (44, 45,
46, 47). In montane forests, nutrient availability (e.g., N:P ratios) can vary significantly along
altitudinal gradients due to substantial changes in temperature and water availability (48). As
a result, we expect strong functional responses to soil nutrient availability across these
elevation gradients.

We expect that, given the long lifespan of tropical trees and rapid pace of recent
climate change, forests will show ecological inertia, so that changes in functional composition
lag behind changes in climate. We expect the full community and survivor assemblages to
show slower change given their change is largely dependent on tree growth, which is a slow
process among tropical forests trees. The recruit and fatality assemblages may show faster
and larger community trait responses as they are less dependent on growth and more
dependent on local climate conditions.

Long-term trait-environment relationships

To evaluate long-term (1980-2021) trait-climate relationships across tropical American forests,
we used data from 415 forest plots (mean plot size 0.88 [min: 0.12, max: 25] ha and 5.7 [min:
2, max: 41] censuses per plot), for which we extracted climate (49) and soil (60) data for their
sampling years. As species’ contributions to ecosystem processes likely depend on their
relative abundances (57), we calculated the community-weighted mean of each plant
functional trait (table S1) for each plot based on the relative basal area of the species and their
trait value (hereafter “community functional traits”). The trait values were obtained from the
sources mentioned above (19, 25, 26, 27, 28, 29, 30, 31). We then modelled each community
functional trait as a function of the additive effects of relevant and largely uncorrelated climatic
drivers of species distributions (Fig. S1), i.e., the mean annual values of temperature (Tmean),
vapour pressure deficit (VPDmean) (52), maximum climatic water deficit (MCWDmean) (53) and
standardised precipitation-evapotranspiration index (SPEli2) (54), each one of these
interacting with forest type (lowland or montane). As soil characteristics can impact plant
distributions (24), we included cation exchange capacity (CEC), pH, and the percentage of
clay and sand for each plot location in the models (see materials and methods (35)). We
accounted for differences in the number of censuses, plot size and census time per vegetation
plot and for the potential spatial autocorrelation.

Several community functional traits show consistent relationships with climate across
forest type (table S2; Fig. S2), with temperature showing some of the strongest effects driving
plant trait distributions across lowland and montane forests (Fig. 3). As expected, an increase
in temperature (Tmean) across space is associated with an increase in community-mean leaf
area and seed mass, and a decrease in photosynthetic capacity, specific leaf area, and the
proportion of deciduous species across lowland and montane forests. Moreover, an increase
in water stress (MCWDnean) is associated with decreases in specific leaf area and adult
maximum height for both forest types (table S2; Fig. S2). This represents an increase in the
conservative trait strategy linked to more extreme conditions.
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However, the relationship with temperature is not consistent across lowland and
montane forests for leaf chemistry (leaf carbon, nitrogen and phosphorus content), wood
density, adult maximum height, leaf fresh mass or leaf thickness (Fig. 3). An increase in water
stress (MCWDmean) is associated with an increase in photosynthetic capacity, leaf nitrogen
content, leaf area and wood density across lowland forests but decreases in montane forests
(table S2; Fig. S2). The increase in these leaf traits in drier forests could be associated with
the high photosynthetic rates generally attained by deciduous species over the growing
season (55, 56) and the fact that lower adult maximum height and higher wood density tend
to correlate with higher resistance to lethally low levels of soil moisture availability (57).
However, consistent climatic relationships across both forest types are not apparent for the
other traits analysed (table S2; Fig. S2). One plausible explanation is that this reflects their
different position along the climatic gradient (i.e. temperature and precipitation), with lowlands
occupying areas with more homogeneous climate conditions across large spatial extents in
comparison to montane forests, which span a large range of climates across smaller spatial
extents.

Changes in trait composition across time

We next asked if and how the functional trait composition of tropical American forests has
shifted, and how much of this can be explained by observed changes in climate over the past
40 years. We first calculated the community-weighted mean (CWM) of each plant functional
trait for each vegetation census available for full community assemblage, and separately for
the survivor (individuals that are alive in two subsequent censuses, e.g. from census one to
census two), recruit (individuals not present in the previous census and recruited in the
subsequent census) and fatality (individuals alive in previous census but dead in the
subsequent census) assemblages. We define the recruit assemblage as individuals that
passed the threshold of 10 cm DBH between one census and the next. Then we calculated
their yearly rate of change across time. We tested if the changes in trait CWM differed from
zero across all vegetation plots, with plots separated into lowland and montane forests. We
calculated the Highest Density Interval (HDI) containing the 95% most probable effect values
and considered it significant when the HDI did not overlap 0. We then investigated whether
the observed shifts in trait CWM differed significantly between lowland and montane forests.
For shorthand and readability, all mention of mean traits and shifts below refer to CWM trait
values.

When considering all plots together for the full community assemblage, we found that
seven out of the 12 traits analysed exhibited significant changes in their CWM values (Fig. S3;
see Fig. 4 for trait changes across assemblages). Only leaf nitrogen, fresh mass, specific leaf
area, seed mass and wood density did not show significant shifts across time (table S3; Fig.
S4). The survivor assemblage showed the same pattern of community trait changes (table S3;
Fig. 5) as the full community assemblage, with the main differences being a significant
decrease in leaf fresh mass in the lowlands for the survivor assemblage. Hence, hereafter we
focus on the results from the survivor, recruit and fatality assemblages. Overall, we found
larger variation in trait CWM across space (i.e. with geographical variation in climate) than
across time. For the community traits with significant changes for the survivor assemblage,
we found an average increase in photosynthetic capacity of 0.0023 ymol m2s™ year” (HDI-
low and HDI-high: 0.0007, 0.0038), leaf carbon content 0.0011% year'(0.0004, 0.0019),
phosphorus 1.6x10°% year" (5.7x10°%, 2.7x107%), the abundance of deciduous species 0.03
% year' (0.01, 0.05) and adult maximum height 0.006 m year' (0.002, 0.009), while
community leaf area decreased on average -0.03 cm? year (-0.06, -0.007) and leaf thickness
decreased -0.05 mm year (-0.08, -0.02) (Fig. 5; table S3). In the lowland forests, we detected
significant trait changes for six (increasing: photosynthetic capacity, leaf carbon content, adult
maximum height and abundance of deciduous species; decreasing: leaf area and fresh mass)
out of the 12 traits analysed (table S3; Fig. 5). Montane forests showed significant, but rather
small, increases in leaf carbon, phosphorus and the abundance of deciduous species (table
S3; Fig. 5).
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The recruit assemblage experienced significant changes for seven traits, with six
showing decreases, i.e. leaf carbon content -0.014% year™ (-0.02, -0.001; in montane forests),
leaf nitrogen content -0.002% year™ (-0.004, -0.0002), leaf thickness -0.04 mm year'(-0.08, -
0.01), deciduousness -0.17 % year' (-0.33, -0.02), adult maximum height (-0.03 m year™ [-
0.07, -0.003], and WD: -0.0007 g cm® year™). The leaf fresh mass of recruits increased on
average 0.04 g year” (0.006, 0.08; Fig. 5; table S3). For the fatality assemblage, only the
CWM of leaf nitrogen content -0.004 % year™ (-0.007, -0.001; montane forests), leaf fresh
mass, -0.02 g year" (-0.05, -0.0003) and seed mass -17.7mg year" (-29.9, -5.7) in lowland
forests experienced significant declines (Fig. 5; table S3).

To help identify the underlying climatic drivers of forest functional change, we used
multivariate linear models to estimate the yearly change (Ar; i.e. from first to last census), in
the trait values (A, trait CWM) as a function of the yearly rate of change in temperature (AT)),
maximum climatic water deficit (AMCWD,), standardised precipitation-evapotranspiration
index (ASPEI,) and vapour pressure deficit (AVPD;), each one of these interacting with forest
type, and accounted for soil characteristics by including in the models the CEC, pH, clay and
sand content (maps in Fig. S3 to Fig. S8). Our results for the full community assemblage,
survivor and for recruit and fatality assemblages (table S4) demonstrate the role of climate,
specifically temperature and water availability, as a determinant of trait shifts across the
forests, and show the differences in response between lowland and montane forests (table
S4). Our mapped model predictions (maps in Fig. S3 to Fig. S8) depict in a spatially explicit
way areas where stable CWM trait values (light yellow and light blue), their increases (darker
blue) or decreases (yellow to red) are predicted to have occurred across tropical American
forests with some of the strongest CWM ftrait shifts predicted across forests in Amazonia.

Can tropical American forest functional composition track climate change?

We next examined whether the observed community trait changes are sufficient to maintain
expected trait-environment relationships for the full community, the survivor, and the recruit
assemblages, based on spatial relationships between traits and climate. We expected
recruitment to be more sensitive to climate change as the full community is dominated by the
demographic inertia of established adult trees. To quantify the trait changes that would be
necessary for forest communities to track predicted climate change, we first quantified the
relationship between community traits and environment before most anthropogenic climate
changes occurred (1980-2005; i.e., as baseline CWM trait-environment relationships). We
took our observed trait-climate relationships (built with the 1980-2005 period data; table S5)
and used them to predict the trait CWM to the 1980-2005 climate conditions plus the observed
changes in climate across the study sites for the full time period (the last 40 years). This
allowed us to predict the CWM trait values that the forests would have if they fully tracked
recent climate change, assuming that trait-climate relationships are similar across space and
time (table S6 and table S7). The ratio between the observed and the expected changes (for
the full and the recruit assemblages) indicates how closely these forest traits are tracking our
climate equilibrium predictions based on community changes alone (Fig. 6).

Our results show that for all measured traits of the survivor and full community
assemblages, the community trait composition is not changing sufficiently to track climate
change, with most changes being rather small and unlikely to represent important impacts on
ecosystem functioning. However, the recruit community shows the largest shifts (Fig. 4, Fig.
6; results for all assemblages are in Fig. S9). At the region-wide scale for the survivor
assemblages, all traits show less than 8% for lowland forests and 4% for montane forest of
the change required to track climate. For the full community assemblage, all traits show less
than 6% of the climate-predicted shifts in the expected direction for lowland forests and 7%
for montane forest of the expected change (Fig. S9; table S6 and table S7). Several traits
show very little change or even modest changes in the opposite direction to those expected
(Fig. 6A and Fig. 6B). We detected larger community trait shifts in the recruit assemblages of
an average 21.8% of the change required for lowland forests and 17.5% for montane forests
when only traits shifting in the expected direction are considered. When both, shifts in the
expected direction and in opposite direction, are considered, the recruit assemblage shows
an average shift of 11.4% for lowland and -0.67% for mountain forests (Fig. 6C and Fig. 6D;
table S6 and table S7). In lowland forests, community mean wood density appears to be
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changing fast enough in the recruit assemblages to track climate change expectation. Overall,
we see some evidence of how the recruit forest assemblages of lowland and montane forests
are shifting their community traits, often for different sets of community mean trait values, in
response to climate change. However, for most traits even the recruit community does not
seem to be changing quickly enough to track climate change. More significant community trait
shifts have occurred in lowland than in montane forests, which is consistent with a more rapidly
drying climate in lowland forests (Fig. 5; table S3).

Discussion

Overall, we find that 1) trait-environment relationships are similar for most of the studied traits
across lowland and montane tropical American forests; 2) lowland forests show significant
and larger changes in more community traits analysed than montane forests; 3) across the
forests and for the full community and survivor assemblages, the abundance of deciduous
species is increasing, with accompanying increases in leaf photosynthetic capacity and
decreases in leaf area and leaf thickness, yet the recruit communities in the lowland forests
have on average decreased in the abundance of deciduous species, leaf nitrogen content and
wood density; and 4) crucially, for the full tree community and survivor assemblages most of
these traits are changing at only a fraction of the rate required to maintain equilibrium with
climate. Notably, the recruit communities show the best tracking of a changing climate.

The community trait shifts were similar for the survivor and full community
assemblages and, although significant in several cases, these have been rather small over
the past 40 years. In general, such community trait changes differed from those of the recruit
and fatality assemblages. This is likely because the trait shift responses of the survivor and
full community assemblages are dominated by large individuals that continued growing
throughout the study period. Another potential explanation is that the survivor and full
community assemblages, along with their concurrent functional trait composition, are still able
to withstand the observed changes in climate. The survivor and full community assemblages
have shifted towards more deciduous communities with higher photosynthetic capacity, leaf
chemistry and adult maximum height. At the same time, we uncover a general decrease in
leaf thickness for the survivor and recruit assemblages. Temporal increases in VPD have
potentially favoured increases in the proportion of deciduous species, especially across
montane forests, and increases in MCWD partially explain decreases in leaf thickness.
Overall, deciduous species tend to have acquisitive leaf traits with higher leaf nitrogen and
phosphorus, photosynthetic capacity and photosynthetic nitrogen-use efficiency, especially
under water stress (58), than evergreen species (59, 60). The pattern observed across tropical
American forests could be attributable to leguminous nitrogen-fixing species that dominate in
dry forests which are often deciduous and with higher photosynthetic nitrogen-use efficiency
(67). This is consistent with a previous report for West African tropical forests, where
increasing drought stress co-occurred with an increased abundance of deciduous species,
and where changes in deciduousness explained changes in other morphological, structural
and leaf chemistry traits (56). The abundance of deciduous species may be limited by soil
fertility (62) in areas such as in south-eastern Amazonia (more so the Guiana Shield), where
short-lived deciduous leaf construction is a too-costly strategy. Thus, increase in
deciduousness is expected to be one adaptation strategy, especially in dry tropical forests
with more seasonal precipitation regimes and nutrient rich soils than wetter tropical forests.

There is a mismatch in trait responses to climate change between the recruit
assemblage and both the full community and survivor assemblages. This mismatch is most
pronounced with respect to the abundance of deciduous species, leaf carbon, and adult
maximum height. With increasing temperatures and reduced water availability, we expected
an increase in abundance of deciduous species to also be reflected in the recruit assemblage
(56). However, the decline in abundance of deciduous species in the recruit assemblage
indicates potential shifts in phenological strategies towards more conservative strategies in
response to increasing temperatures or altered precipitation patterns. The recruit
assemblages also select for lower leaf carbon and species with shorter adult maximum
heights. This finding suggests a decoupling in trait space between the functional trait
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characteristics of the mature forests we see in the present, and the possible future functional
composition of tropical American forests. The selection for low leaf nitrogen in the recruit and
fatality assemblages raises the question of whether and to what extent such recruit
assemblages with low leaf nitrogen content will be able to survive to larger adult sizes (e.g.
58, 63), especially across montane forests where there is a stronger mismatch. Such a
decoupling in trait space between the recruit and survivor assemblages could potentially
indicate the slow beginnings of forest-level adjustment to new climatic conditions, which is
likely to impact the functioning of tropical forest ecosystems (64). We did not find a significant
selection against deciduous species in the fatality assemblage. This suggests that a
combination of drought avoidance and drought resistance strategies (38) could both be
playing an important role as means of adaptation to a warming climate across lowland and
montane tropical forests.

Other factors may be promoting the observed change in community-mean traits, such
as species interactions and defaunation, the latter being a potentially important driver of
changes in dispersal traits across time (65). Some wetter regions (e.g., central Amazonia)
show slight increases in seed mass for the full community (Fig. S4 D), with the fatality
assemblage showing significant declines in individuals with smaller seeds in the lowlands (Fig.
5). However, drier regions (e.g., southern and eastern fringes of Amazonia) and montane
forests show a slight predicted decline in seed mass (Fig. S4 D). These changes may be an
indicator of defaunation pressure (66) as spatial predictions of decreases in seed mass broadly
match spatial patterns of high defaunation (67), especially in those more accessible areas of
Mesoamerica, and both south and eastern Brazil. They could also be driven by climatic factors
as the observed changes are consistent with a shift from endozoochory (animal dispersal) to
anemochory (wind dispersal), with the latter exhibiting smaller seeds than those dispersed by
animals and being more prevalent in drier biomes (42). Including other relevant traits, such as
those related to hydraulics and thermal tolerance, and considering ecological interactions
could further bring new evidence of these potential forest adjustments to a changing climate.

The survivor, full community and recruit assemblages often show more changes in
traits in lowland than montane forest. Lowland forests are highly dynamic and harbour a high
functional trait diversity that potentially allows for selection from a wider pool of trait values
under climate stress. There has been a larger increase in atmospheric VPD in lowland forests
than in montane forests, caused by more pronounced increases in temperature over the last
40 years, which could partially explain the shift of a larger number of community functional
traits in lowland than montane forests (68). Larger increases in VPD and more severe droughts
appear to have modified the community composition of lowland forests more strongly than
that of montane forest, towards a set of species better adapted to drier and hotter conditions,
which could be due to the mortality of more vulnerable species (52). Recent work across sites
in the Amazon and Andes also suggest an important impact of increasing temperatures and
declines in water availability on tree trait composition (69). We investigated the impact of
macroclimate on the changes in functional trait composition of tropical forests. However, such
macroclimate conditions may not directly mirror the microclimatic conditions found under the
forest canopy such as temperature (70). This is of particular importance when investigating
the effects of a changing climate, especially on the recruit assemblages, which tend to occupy
the space below the canopies of the older larger trees. Ultimately, such microclimatic
conditions may play an important role for determining the responses of understorey plants to
a changing climate (71, 72, 73) and therefore on the rate of change in community trait
composition of the recruit assemblages. Hence, microclimatic conditions at the plot level may
partly explain the differences in trait shifts between the full community and survivor
assemblages and the recruit assemblages.

It would mechanistically be expected that increasing drought would cause plant
communities to shift to species with higher wood density and thicker leaves or that the
abundance of deciduous species would increase across time. Such coordinated changes may
not readily happen in the community as it is whole phenotypes that are changing, i.e. particular
combinations of traits, rather than isolated traits. Moreover, coordination of different strategies
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could allow for alternative adaptations to the same drivers. For example, drier conditions might
encourage deciduousness combined with low wood density and thin leaves (drought
avoidance), or evergreenness combined with high wood density and thicker leaves (drought
tolerance). The favoured combination(s) may depend on forest seasonality patterns and soil
nutrients. Furthermore, not all trait combinations may be present in any given regional species
pool, even in species-rich biomes, which may limit the shifts in community traits that can occur
at any given time as a response to environmental change. Other factors may also contribute
to trait shifts or a lack thereof across forest communities, such as soil conditions (74), biotic
interactions (e.g., animal-plant interactions) (75) and wind disturbance (76). Our analyses
represent community-wide responses mainly based on trait information at the species and
genus level; traits may also express intraspecific plasticity that we are unable to assess here
given the scale and multidecadal nature of the study. Some traits may show more or less
plasticity than others and species intraspecific variation may contribute to adaptation to a
changing climate (77, 78). Overall, there is a lack of knowledge and data on the extent to
which intraspecific trait variation plays a role in the adaptation of tree communities to a
changing climate across the tropics. Here, we analysed only a set of relevant plant functional
traits without adding information on intraspecific trait variation. Further research could focus
on understanding responses of tree communities to climate change, including as much as
possible information on intraspecific trait variation, and analysing other relevant traits. These
could be hydraulic and thermal tolerance traits, which at the moment are not widely available
for across tropical American forests.

In conclusion, we find that overall changes in community trait composition are leading
to small shifts amounting to only ~10% of the expectation given climate change. These shifts
are primarily driven by variation in growth rates of existing trees, rather than by recruitment or
tree mortality. However, we observed larger changes for the recruit assemblage, directionally
tracking climate at an average of 21%, which can potentially contribute to keeping these
forests closer to, although still far from the equilibrium with climate. Trees are long-lived
organisms with slow turnover rates compared to the rate of climate change and this partly
explains the differences observed in community trait shifts between the full community and
those of the recruit assemblages. There are specific areas where there seems to be a larger
lag in forest responses to climate changes, especially in the Maya forest in Mesoamerica (79),
and both the Atlantic forest and the southern Amazon forest in Brazil (80), which have become
increasingly fragmented over time. Consequently, impacts of other disturbances across these
regions, such as habitat fragmentation and in general a more constrained physical
environment, may be impacting the capacity of forests to adjust to new climate conditions (44,
81). Our analysis demonstrates that tree community composition is shifting to track climate
change, but that the overwhelming onus would have to be on within-species variability and
trait plasticity (82, 83) to adequately track climate change. However, the changes in climate
are likely to be too fast for adaptive phenotypic plasticity to keep track, especially in
environments with low climatic heterogeneity (82, 83). Hence it is overwhelmingly likely that
tree species composition and functional properties of tropical American forests (and probably
all tropical forests) are increasingly out of equilibrium with local climate. Such disequilibrium
almost certainly increases vulnerability to a further changing climate.

Summary of methods

Understanding trait CWM-Climate relationships and the effects of climate change for
driving trait CWM changes

To understand the current trait-climate relationships across forests of the tropical Americas,
for each plant trait we modelled the trait CWM as a function of climatic and soil covariates,
with each one of the climatic variables interacting with forest type (lowland or montane) (here
onwards referred to these models as M1). We next analysed the climatic drivers of shifts in
each functional trait given observed changes in climate over the past 40 years for the full
community and survivor assemblages, for the recruit community and fatality community. The
fatality community is defined as those individuals of a plot who were alive in a previous census
but dead in the following census. We calculated the temporal changes in trait CWM at the plot
level as the annual rate of change to standardise for a different time between censuses for
different plots. We then modelled the Ar CWM trait as a function of Ar of the climatic variables
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described above, each one of these interacting with forest type and also included the soil
characteristics (hereafter referred to these models as M2).

Understanding shifts in trait CWM

We used the annual rate of change (Ar) of the trait CWM of the full, survivor, recruit and fatality
community assemblages to investigate if the rate of trait changes for the overall forests
(lowland and montane together), for the lowland forests alone and the montane forest alone,
was significantly different from 0. We did the same to understand if there were important
differences between the rate of change between lowland and montane forests. To this end we
carried out a Bayesian version of a typical T-test analysis using Bayesian estimation (84, 85).
As above, here we calculated the HDI containing the 95% most probable effect values and
considered a result significant when the HDI did not overlap O.

Understanding if forest community traits are tracking climate changes.

The process outlined below was carried out for the full community, the survivor and recruit
assemblages only as the fatality ones are not tracking climate. We first built the same type of
statistical models as M1 but using only plot and climatic data from between 1980 and 2005,
including also the soil variables (from now on called M1.1). We used the M1.1 Trait-
Environment statistical models and obtained predictions of the trait CWM to a new set of
climatic conditions composed of the 1980-2005 climate plus the observed climate yearly rate
of change across the study period (here onwards M2). We then calculated the difference
between the trait CWM obtained with the M1.1 and M2 models to obtain the expected trait
CWM change. Lastly, we compared the expected trait CWM calculated above with the
observed Ar CWM trait. This allowed us to understand the expected shift in mean trait values
given the 1980-2005 trait-climate relationship in comparison to the observed trait changes
across time (i.e., from 1980-2021). We tested for significant difference between observed and
expected community trait changes using using Bayesian estimation (84, 85). We also created
map predictions of the 1980-2005 M1.1 trait-climate model across tropical American forests
by predicting this model to a climate change scenario that was composed of the observed
climate (1980-2005) plus the yearly rate change observed. We then subtracted the original
map predictions (those made with the M1.1 models without changes in climate conditions) to
obtain the expected CWM trait changes at the pixel level (in the map) for across forests in
tropical America. Then we calculated the ratio of the observed, i.e., spatial predictions of the
trait changes observed across time (from M2 models), versus expected and converted to
percentage change relative to the 1980-2005 condition to understand if and to what extent the
observed trait changes are tracking (values above zero) or not (values of zero) the expected
changes given the observed changes in climate or shifting in opposite direction than expected
(values below zero).

References

1. Beech, E., Rivers, M., Oldfield, S. & Smith, P. P. GlobalTreeSearch: The first complete
global database of tree species and country distributions. J. Sustainable For. 36, 454-489
(2017).

2. Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B. & Kent, J.
Biodiversity hotspots for conservation priorities. Nature 403, 853-858 (2000).

3. FAO and UNEP. The State of the World’s Forests 2020. Forests, biodiversity and people.
FAO and UNEP, 1-214 (2020).

4. Lapola, D. M. et al. The drivers and impacts of Amazon forest degradation. Science 379,
eabp8622 (2023).

5. Albert, J. S. et al. Human impacts outpace natural processes in the Amazon. Science 379,
eabo5003 (2023).

6. Loarie, Scott R., et al. The velocity of climate change. Nature 462.7276 (2009): 1052-
1055.

7. Esquivel-Muelbert, A. et al. Compositional response of Amazon forests to climate change.
Global Change Biol. 25, 39-56 (2019).

8. Fadrique, B. et al. Widespread but heterogeneous responses of Andean forests to climate

15



740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790

change. Nature 564, 207 (2019).

9. Prieto-Torres, D. A., Navarro-Siglienza, A. G., Santiago-Alarcon, D. & Rojas-Soto, O. R.
Response of the endangered tropical dry forests to climate change and the role of Mexican
Protected Areas for their conservation. Global Change Biol. 22, 364-379 (2016).

10. Aitken, Sally N., et al. Adaptation, migration or extirpation: climate change outcomes for
tree populations. Evolutionary applications 1.1 (2008): 95-111.

11. Smithers, Brian V., et al. Leap frog in slow motion: Divergent responses of tree species
and life stages to climatic warming in Great Basin subalpine forests. Global Change Biology
24.2 (2018): e442-e457.

12. Zhu, Kai, Christopher W. Woodall, and James S. Clark. Failure to migrate: lack of tree
range expansion in response to climate change. Global Change Biology 18.3 (2012): 1042-
1052.

13. Huntingford, C. et al. Simulated resilience of tropical rainforests to CO2-induced climate
change. Nature Geoscience 6, 268-273 (2013).

14. Castellanos, E. J. & Lemos, M. F. IPCC Sixth Assessment Report (AR6): Climate
Change 2022-Impacts, Adaptation and Vulnerability: Regional Factsheet Central and South
America. Notes 26 (2022).

15. Shukla, P. R. et al. IPCC, 2019: Climate Change and Land: an IPCC special report on
climate change, desertification, land degradation, sustainable land management, food
security, and greenhouse gas fluxes in terrestrial ecosystems. (2019).

16. Trisos, C. H., Merow, C. & Pigot, A. L. The projected timing of abrupt ecological
disruption from climate change. Nature 580, 496-501 (2020).

17. Williams, J. W., and Jackson, S. T. Novel climates, no-analog communities, and
ecological surprises. Frontiers in Ecology and the Environment 5.9, 475-482 (2007 ).

18. Violle, C. et al. Let the concept of trait be functional! Oikos 116, 882-892 (2007).

19. Diaz, S. et al. The global spectrum of plant form and function. Nature 529, 167-171
(2016).

20. Fortunel, C., Paine, C. E., Fine, P. V., Kraft, N. J. & Baraloto, C. Environmental factors
predict community functional composition in Amazonian forests. J. Ecol. 102, 145-155
(2014).

21. Enquist, B. J. et al. in Advances in ecological research 249-318 (Elsevier, 2015).

22. Homeier, Jlrgen, et al. Leaf trait variation in species-rich tropical Andean forests.
Scientific Reports 11.1 (2021): 9993.

23. Madani, N. et al. Future global productivity will be affected by plant trait response to
climate. Scientific reports 8, 2870 (2018).

24. Bruelheide, Helge, et al. Global trait-environment relationships of plant communities.
Nature Ecology & Evolution 2, 1906-1917 (2018).

25. Swenson, N. G. & Umana, M. N. Data from: Interspecific functional convergence and
divergence and intraspecific negative density dependence underlie the seed-to-seedling
transition in tropical trees. Dryad, Dataset, https://doi.org/10.5061/dryad.j2r53 (2015).

26. Muscarella, R. & Uriarte, M. Do community-weighted mean functional traits reflect
optimal strategies? Proc. Biol. Sci. 283, 20152434 (2016).

27. Umafa, M. N. et al. Interspecific functional convergence and divergence and
intraspecific negative density dependence underlie the seed-to-seedling transition in tropical
trees. Am. Nat. 187, 99-109 (2016).

28. Malhi, Y. et al. The Global Ecosystems Monitoring network: Monitoring ecosystem
productivity and carbon cycling across the tropics. Biol. Conserv. 253, 108889 (2021).

29. Blundo, C. et al. Taking the pulse of Earth's tropical forests using networks of highly
distributed plots. Biol. Conserv. 260, 108849 (2021).

30. Kattge, J. et al. TRY plant trait database—enhanced coverage and open access. Global
Change Biol. 26.1, 119-188 (2020).

16


https://doi.org/10.5061/dryad.j2r53

791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841

31. Diaz, S. et al. The global spectrum of plant form and function: enhanced species-level
trait dataset. Scientific Data 9, 755 (2022).

32. Fauset, S. et al. Drought-induced shifts in the floristic and functional composition of
tropical forests in Ghana. Ecol. Lett. 15, 1120-1129 (2012).

33. Feeley, K. J., Davies, S. J., Perez, R., Hubbell, S. P. & Foster, R. B. Directional changes
in the species composition of a tropical forest. Ecology 92, 871-882 (2011).

34. Locosselli, Giuliano Maselli, et al. Global tree-ring analysis reveals rapid decrease in
tropical tree longevity with temperature. Proceedings of the National Academy of Sciences
117.52 (2020): 33358-33364.

35. Materials and methods are available as supplementary materials.

36. Reich, Peter B. The world-wide ‘fast—slow’ plant economics spectrum: a traits manifesto.
Journal of ecology 102.2 (2014): 275-301.

37. Liang, Xingyun, et al. Wood density predicts mortality threshold for diverse trees. New
Phytologist 229.6 (2021): 3053-3057.

38. Brodribb, Timothy J., et al. Hanging by a thread? Forests and drought. Science 368.6488
(2020): 261-266.

39. Sande, M. T. et al. Old-growth Neotropical forests are shifting in species and trait
composition. Ecol. Monogr. 86, 228-243 (2016).

40. Aitken, Sally N., et al. Adaptation, migration or extirpation: climate change outcomes for
tree populations. Evolutionary applications 1.1 (2008): 95-111.

41. Pritchard, H. W. et al. Chapter 19 - Regeneration in recalcitrant-seeded species and
risks from climate change. In Plant Regeneration from Seeds (eds. Baskin, C. C. & Baskin,
J. M.) Academic Press, 2022. 259-273 doi:10.1016/B978-0-12-823731-1.00014-7.

42. Souza, F. C. Caracteristicas de dispersao de sementes e frutos ao longo dos biomas
brasileiros: explorando tendéncias, predizendo e mapeando correlatos ecolégicos. 142p. Tese
(Doutorado em Ecologia aplicada) - Universidade Federal de Lavras, Lavras, (2023).

43. Bello, C. et al. Defaunation affects carbon storage in tropical forests. Science advances
1, e1501105 (2015).

44. Lenoir, J., et al. Species better track climate warming in the oceans than on land. Nature
Ecology & Evolution 4.8, 1044-1059 (2020).

45. Bertrand, R. et al. Changes in plant community composition lag behind climate warming
in lowland forests. Nature 479, 517-520 (2011).

46. Malhi, Y. et al. Introduction: elevation gradients in the tropics: laboratories for ecosystem
ecology and global change research. Global Change Biol. 16, 3171-3175 (2010).

47. Jump, A. S., Matyas, C. and Pefuelas, J. The altitude-for-latitude disparity in the range
retractions of woody species. Trends in Ecology & Evolution 24, 694-701 (2009).

48. Dalling, J. W., et al. Geographic, environmental and biotic sources of variation in the
nutrient relations of tropical montane forests. Journal of Tropical Ecology 32, 368-383
(2016).

49. Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A. & Hegewisch, K. C. TerraClimate, a
high-resolution global dataset of monthly climate and climatic water balance from 1958-
2015. Scientific data 5, 170191 (2018).

50. Poggio, L., De Sousa, L. M., Batjes, N. H., Heuvelink, G., Kempen, B., Ribeiro, E. &
Rossiter, D. SoilGrids 2.0: Producing soil information for the globe with quantified spatial
uncertainty. Soil 7, 217-240 (2021).

51. Grime, J. P. Benefits of plant diversity to ecosystems: immediate, filter and founder
effects. J. Ecol. 86, 902-910 (1998).

52. Bauman, D. et al. Tropical tree mortality has increased with rising atmospheric water
stress. Nature 608, 528-533 (2022).

53. Malhi, Y. et al. Exploring the likelihood and mechanism of a climate-change-induced
dieback of the Amazon rainforest. Proc. Natl. Acad. Sci. U. S. A. 106, 20610-20615 (2009).

17


https://doi.org/10.1016/B978-0-12-823731-1.00014-7

842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892

54. Vicente-Serrano, S. M., Begueria, S. & Lopez-Moreno, J. |. A multiscalar drought index
sensitive to global warming: the standardized precipitation evapotranspiration index. J. Clim.
23, 1696-1718 (2010).

55. Ishida, A. et al. Photoprotection of evergreen and drought-deciduous tree leaves to
overcome the dry season in monsoonal tropical dry forests in Thailand. Tree Physiol. 34, 15-
28 (2013).

56. Aguirre-Gutiérrez, J. et al. Drier tropical forests are susceptible to functional changes in
response to a long-term drought. Ecol. Lett. 22, 855-865 (2019).

57. Liang, X., Ye, Q., Liu, H. & Brodribb, T. J. Wood density predicts mortality threshold for
diverse trees. New Phytol. 229, 3053-3057 (2021).

58. Falk, D. A., et al. Mechanisms of forest resilience. Forest Ecology and Management 512:
120129 (2022).

59. Wright, I. J. et al. The worldwide leaf economics spectrum. Nature 428, 821 (2004).

60. John, G. P. et al. The anatomical and compositional basis of leaf mass per area. Ecol.
Lett. 20, 412-425 (2017).

61. Gei, M. et al. Legume abundance along successional and rainfall gradients in
Neotropical forests. Nature Ecology & Evolution 2.7, (2018): 1104-1111.

62. John, R. et al. Soil nutrients influence spatial distributions of tropical tree species.
Proceedings of the National Academy of Sciences 104.3: 864-869 (2007).

63. Li, L. E., et al. Leaf economics and hydraulic traits are decoupled in five species-rich
tropical-subtropical forests. Ecology letters 18.9: 899-906 (2015).

64. de Bello, F., et al. Functional trait effects on ecosystem stability: assembling the jigsaw
puzzle. Trends in Ecology & Evolution 36.9: 822-836 (2021).

65. Vaessen, R. W. et al. Defaunation changes leaf trait composition of recruit communities
in tropical forests in French Guiana. Ecology 104(1), e3872 (2023).

66. de Paula Mateus, D. et al. Defaunation impacts on seed survival and its effect on the
biomass of future tropical forests. Oikos 127, 1526-1538 (2018).

67. Benitez-Lopez, A., Santini, L., Schipper, A. M., Busana, M. & Huijbregts, M. A. Intact but
empty forests? Patterns of hunting-induced mammal defaunation in the tropics. PLoS
biology 17, 3000247 (2019).

68. Green, J. K., Berry, J., Ciais, P., Zhang, Y. & Gentine, P. Amazon rainforest
photosynthesis increases in response to atmospheric dryness. Science advances 6,
eabb7232 (2020).

69. Bai, K., He, C., Wan, X. & Jiang, D. Leaf economics of evergreen and deciduous tree
species along an elevational gradient in a subtropical mountain. AoB Plants 7 (2015).

70. De Frenne, P. et al. Forest microclimates and climate change: Importance, drivers and
future research agenda. Global Change Biology 27.11: 2279-2297 (2021).

71. Alexander, J. M. et al. Lags in the response of mountain plant communities to climate
change. Global Change Biology 24: 563-579 (2018).

72. Bertrand, R. et al. Changes in plant community composition lag behind climate warming
in lowland forests. Nature 479: 517-520 (2011).

73. Zellweger, F. et al. Forest microclimate dynamics drive plant responses to warming.
Science 368.6492 : 772-775 (2020).

74. Aguirre-Gutiérrez, J. et al. Long-term droughts may drive drier tropical forests towards
increased functional, taxonomic and phylogenetic homogeneity. Nature communications 11,
1-10 (2020).

75. Gardner, C. J., Bicknell, J. E., Baldwin-Cantello, W., Struebig, M. J. & Davies, Z. G.
Quantifying the impacts of defaunation on natural forest regeneration in a global meta-
analysis. Nature communications 10, 1-7 (2019).

76. Rifai, S. W. et al. Landscape-scale consequences of differential tree mortality from
catastrophic wind disturbance in the Amazon. Ecol. Appl. 26, 2225-2237 (2016).

18



893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942

77. Westerband, A. C., Funk, J. L. & Barton, K. E. Intraspecific trait variation in plants: a
renewed focus on its role in ecological processes. Annals of botany 127, 397-410 (2021).
78. Patifio, S. et al. Branch xylem density variations across the Amazon Basin.
Biogeosciences 6, 545-568 (2009).

79. Bhagwat, S. The history of deforestation and forest fragmentation: a global perspective.
n Global forest fragmentation.Ed. Kettle, C. J. & Koh, L. P. (CABI, 2014).

80. Pitz, S. et al. Long-term carbon loss in fragmented Neotropical forests. Nature
communications 5, 1-8 (2014).

81. Haddad, N. M. et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems.
Science advances 1, e1500052 (2015).

82. Nicotra, A. B., et al. Plant phenotypic plasticity in a changing climate. Trends in Plant
Science 15.12, 684-692 (2010).

83. Van Kleunen, M. and Fischer, M. Constraints on the evolution of adaptive phenotypic
plasticity in plants. New phytologist 166.1, 49-60 (2005).

84. Kruschke, J. K. in Doing Bayesian data analysis: A tutorial with R, JAGS, and Stan
(Academic Press, 2014).

85. Kruschke, J. K. Bayesian estimation supersedes the t test. Journal of Experimental
Psychology: General 142.2, 573 (2013).

86. Begueria, S., Vicente-Serrano, S. M., Reig, F. & Latorre, B. Standardized precipitation
evapotranspiration index (SPEI) revisited: parameter fitting, evapotranspiration models,
tools, datasets and drought monitoring. Int. J. Climatol. 34, 3001-3023 (2014).

87. Aguirre-Gutiérrez, J. Code for Tropical forests in the Americas are changing too slowly to
track climate change. Zenodo (2024); DOI 10.5281/zenodo0.14192690.

88. Aguirre-Gutiérrez, J. Data for Tropical forests in the Americas are changing too slowly to
track climate change. Zenodo (2024); DOI 10.5281/zenodo.13996841

89. Cuni-Sanchez, A. et al. High aboveground carbon stock of African tropical montane
forests. Nature 596, 536-542 (2021).

90. Seager, R. et al. Climatology, variability, and trends in the US vapor pressure deficit, an
important fire-related meteorological quantity. Journal of Applied Meteorology and
Climatology 54, 1121-1141 (2015).

91. Dormann, C. F. et al. Collinearity: a review of methods to deal with it and a simulation
study evaluating their performance. Ecography 36, 27-46 (2013).

92. Aguirre-Gutiérrez, J. et al. Functional susceptibility of tropical forests to climate change.
Nature Ecology & Evolution, 6.7, 878-889 (2022).

93. Fyllas, N. M. et al. Basin-wide variations in foliar properties of Amazonian forest:
phylogeny, soils and climate. Biogeosciences 6, 2677-2708 (2009).

94. ESA. ESA. Land Cover CCI Product User Guide Version 2. Tech. Rep. Available at:
maps.elie.ucl.ac.be/CCl/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf. (2017).

95. Rozendaal, D., Hurtado, V. H. & Poorter, L. Plasticity in leaf traits of 38 tropical tree
species in response to light; relationships with light demand and adult stature. Funct. Ecol.
20, 207-216 (2006).

96. Shenkin, A. et al. The Influence of Ecosystem and Phylogeny on Tropical Tree Crown
Size and Shape. Front. For. Glob. Change 3 (2020).

97. R Core Team. R: A language and environment

for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available
online at https://www.R-project.org/. 3.4.1 (2019).

98. Makowski, D., Ben-Shachar, M. S. & Ludecke, D. bayestestR: Describing effects and
their uncertainty, existence and significance within the Bayesian framework. Journal of Open
Source Software 4, 1541 (2019).

19



943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998

Acknowledgements

We thank the following networks for access for long-term plot data and plant trait data:
RAINFOR (Amazon Forest Inventory Network, rainfor.org ), GEM (Global Ecosystems
Monitoring network, gem.tropicalforests.ox.ac.uk), and MONAFOR
(forestales.ujed.mx/monafor) networks, as well as the ForestPlots.net metanetwork (data
request 109 and 184). We also thank the Herbarium of the Centro Interdisciplinario de
Investigacion para el Desarrollo Integral Regional campus Durango (CIIDIR), the botanical
experts in the CIIDIR and the local support of Ejidos and Comunidades in Mexico. The authors
also thank the following individuals for contributing data and who played key roles at different
stages from data collection and curation to delivery: Alberto Vicentini, Alejandro Araujo-
Murakami, Alexander Parada Gutierrez, Antonio Pefia Cruz, Antonio S. Lima, Armando
Torres-Lezama, Aurélie Dourdain, Benoit Burban, Casimiro Mendoza, Damien Catchpole,
Darcy Galiano Cabrera, David Howard Neill Asanza, Douglas Morton, Eduardo Hase,
Ezequiel Chavez, Freddy Ramirez Arevalo, Gabriel Damasco, Gabriela Lopez-Gonzalez,
Guillermo Bafiares de Dios, Hans Buttgenbach Verde, Irina Mendoza Polo, James
Richardson, James Singh, John Lleigue, José Luis Camargo, Juliana Stropp, Julien Engel,
Julio Serrano, Karina Melgago, Leandro Ferreira, Luis Gustavo Canesi Ferreira, Luisa
Fernanda Duque, Luzmila Arroyo, Marielos Pefa-Claros, Marc Steininger, Marcos Salgado
Vital, Maria Carmozina Araujo, Marisol Toledo, Massiel Corrales Medina, Mathias Tobler,
Michel Baisie, Natalino Silva, Pascal Petronelli, Patricia Alvarez Loayza, Percy Nufiez Vargas,
Peter van der Hout, Pétrus Naisso, Raimunda Oliveira de Araujo, Raquel Thomas, Rene Boot,
René Guillén Villaroel, Roderick Zagt, Samaria Murakami, Timothy Killeen, Victor Chama
Moscoso, Vincent Bezard, Wemo Betian, Wendeson Castro, Yhan Soto Shareva, Yuri Tomas
Huilca Aedo. We thank these contributors who are no longer with us - Nallarett Davila
Cardozo, Terry Erwin, Alwyn Gentry, Sandra Patifio and Jean-Pierre Veillon.

Funding: J.A.-G. was funded by the Natural Environment Research Council under the
Independent Research Fellowship (NERC; NE/T011084/1) and the Oxford University John
Fell Fund (10667). Global traits collection and traits analyses under GEM were funded by ERC
Advanced Investigator Award (GEM-TRAIT: 321131) to Y.M. under the European Union’s
Seventh Framework Programme (FP7/2007-2013) with additional support from NERC grant
NE/D014174/1 and NE/J022616/1 for traits work in Peru, NERC grant ECOFOR
(NE/K016385/1) for traits work in Santarem. Plot inventories in Peru were supported by
funding from the US National Science Foundation Long-Term Research in Environmental
Biology program (LTREB; DEB 1754647) and the Gordon and Betty Moore Foundation
Andes—Amazon Program. Plot inventories in Nova Xavantina (Brazil) were supported by the
National Council for Scientific and Technological Development (CNPq) PQ1 grants to B.H.M.
and B.S.M (311027/2019-9 and 303492/2022-8), the Long-Term Ecological Research
Program (PELD), processes 441244/2016-5 and 441572/2020-0, and the Foundation of
Research Support of Mato Grosso (FAPEMAT), Project ReFlor, processes 589267/2016 and
PELD/FAPEMAT 0346321/2021. S.D. acknowledges support from CONICET, Universidad
Nacional de Cordoba and Red Federal de Alto Impacto CONATURAR (2023-102072649-

APN-MCT) Argentina, and the Oxford Martin School. C.A.J. acknowledges support from the
Brazilian National Research Council/CNPq (PELD process 403710/2012-0), NERC and the
State of Sdo Paulo Research Foundation/FAPESP as part of the projects Functional Gradient,
PELD/BIOTA and ECOFOR (processes 2003/12595-7, 2012/51509-8 and 2012/51872-5,
within the BIOTA/FAPESP Program—The Biodiversity Virtual Institute (www.biota.org.br);
COTEC/IF 002.766/2013 and 010.631/2013 permits. B.S.M. was supported by the
CNPqg/PELD projects (number 441244/2016-5 and number 441572/2020-0) and CAPES
(number 136277/2017-0). M.S. acknowledges funding for Andes Biodiversity and Ecosystem
Research Group (ABERG) plot network from the US National Science Foundation (NSF)
Long-Term Research in Environmental Biology (LTREB) 1754647, the Gordon and Betty
Moore Foundation’s Andes to Amazon Initiative and RAINFOR. E.B, J.B. and Y.M.
acknowledge the support from NERC under projects NE/K016431/1 and NE/S01084X/1. Y.M.
is supported by the Frank Jackson Foundation and the Leverhulme Trust. The MONAFOR
network in Mexico has been funded by several projects highlighting those by the National

20


https://rainfor.org/en/
http://gem.tropicalforests.ox.ac.uk/
http://forestales.ujed.mx/monafor/inicio/

999
1000

1001
1002
1003
1004
1005
1006
1007
1008

1009
1010

1011
1012

1013
1014
1015

1016
1017

1018
1019

1020
1021

1022
1023

1024
1025

1026
1027

1028
1029

1030

1031
1032

1033

1034
1035

Forestry Commission (CONAFOR), and the Council of Science and Technology of the State
of Durango (COCYTED).

Funding:

Natural Environment Research Council grant NE/T011084/1(JAG)
Natural Environment Research Council grant NE/S011811/1 (DG)
Natural Environment Research Council grant NE/D014174/1 (YM)
Natural Environment Research Council grant NE/J022616/1 (YM)
Natural Environment Research Council grant NE/K016385/1 (YM)
Natural Environment Research Council grant NE/K016431/1 (EB, JB, YM)
Natural Environment Research Council grant NE/S01084X/1 (EB, JB, YM)

National Forestry Commission (CONAFOR), and the Council of Science and
Technology of the State of Durango (COCYTED) grant MONAFOR (JCR)

US National Science Foundation Long-Term Research in Environmental
Biology program (LTREB) grant DEB 1754647 (MS)

Oxford University John Fell Fund grant 10667 (JAG)
ERC Advanced Investigator Award grant GEM-TRAIT: 321131 (YM)
Gordon and Betty Moore Foundation Andes—Amazon Program (YM)

National Council for Scientific and Technological Development (CNPq) PQ1
grant 311027/2019-9 (BHM and BSM)

National Council for Scientific and Technological Development (CNPq) PQ1
grant 303492/2022-8 (BHM and BSM)

Long Term Ecological Research Program (PELD) grant 441244/2016-5 (BHM
and BSM)

Long Term Ecological Research Program (PELD) grant 441572/2020-0 (BHM
and BSM)

Foundation of Research Support of Mato Grosso (FAPEMAT), Project ReFlor,
grant 589267/2016 (BHM and BSM)

Foundation of Research Support of Mato Grosso (FAPEMAT), Project ReFlor,
grant PELD/FAPEMAT 0346321/2021 (BHM and BSM)

CONICET, Universidad Nacional de Coérdoba and Ministerio de Ciencia,
Técnica e Innovacion, Argentina (SD)

Brazilian National Research Council/CNPq PELD grant 403710/2012—0 (CAJ)

Natural Environment Research and the State of Sdo Paulo Research
Foundation/FAPESP

PELD/BIOTA and ECOFOR grants 2003/12595-7 (CAJ)

Natural Environment Research and the State of Sdo Paulo Research
Foundation/FAPESP

21



1036

1037
1038

1039
1040
1041
1042
1043

1044
1045
1046

1047
1048

1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059

1060

1061
1062
1063
1064
1065
1066
1067
1068
1069
1070

1071
1072

PELD/BIOTA and ECOFOR grants 2012/51509-8 (CAJ)

Natural Environment Research and the State of Sdo Paulo Research
Foundation/FAPESP

PELD/BIOTA and ECOFOR grants 2012/51872-5 (CAJ)
COTEC/IF 002.766/2013 and 010.631/2013 grants
CNPq/PELD grants 441244/2016-5 (BSM)

CNPq/PELD grants 441572/2020-0 (BSM)

CAPES grant 136277/2017-0 (BSM)

Andes Biodiversity and Ecosystem Research Group (ABERG) plot network
from the US National Science Foundation (NSF) Long-Term Research in
Environmental Biology (LTREB) 1754647 (MS)

Gordon and Betty Moore Foundation’s Andes to Amazon Initiative and
RAINFOR (MS)

Frank Jackson Foundation (YM)
Author contributions:
Conceptualization: JAG, SD, SR, YM
Methodology: JAG, SD, YM, SR
General Project lead: JAG
Forest and Traits networks leads: JCR, YM, OP
Data gathering: All co-authors
Data management: JAG, AL, OP, GP
Writing — original draft: JAG
Writing — review & editing: All co-authors

Competing interests: Authors declare that they have no competing interests.

Data availability

The vegetation census and plant functional traits data that support the findings of this
study are available from gem.tropicalforests.ox.ac.uk (28), www.ForestPlots.net (29),
and their other original sources. Given data sovereignty from the original data owners
raw data on vegetation censuses across time are not publicly available but can be
requested by contacting all researchers through the ForestPlots (30) data request
protocol described in forestplots.net/en/join-forestplots/working-with-data. Raw
climate data can be accessed through the TerraClimate database (49). The SPEI data
can be obtained from the SPEI database (86). The computer code used to reproduce
the main findings in this manuscript (87) and the plot level processed data (88) are
archived in the Zenodo repository (zenodo.org).
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Materials and Methods
Figs. S1 to S11

Tables S1 to S7
References (35, 89-98)
Figure legends

Fig. 1. Study area showing the distribution and number of vegetation plots sampled
across time (A), principal component analysis (PC1, PC2 and PC3) depicting the climate
and soil chemistry and texture space available in the study area (Tmean: mean air
temperature, MCWD: maximum climatic water deficit, SPEl2: standardised
precipitation-evapotranspiration index, VPD: vapour pressure deficit, CEC: soil cation
exchange capacity, soil pH, sand and clay amount) and the location of the sampling
plots in the environmental space (B), and change in climate conditions (1980-1990 vs
2010-2020) in the plot network (C). In B) PC1 is mainly loaded by the maximum climatic
water deficit (MCWD: -0.527) and Vapour Pressure Deficit (VPD: -0.515), PC2 by air
temperature (Tmean: -0.465) and soil cation exchange capacity (CEC: 0.524) and PC3 by soll
clay % (-0.535) and soil sand % (0.486). In C) the vertical dotted lines indicate zero change.
Brown colours depict increases in temperature, drier conditions (for MCWD and VPD) or
increased drought intensity (for SPEI: standardised precipitation evapotranspiration index).
Blue colours depict an increase in water availability. In MCWD larger positive values indicate
higher water stress. Climate data was derived from the TerraClimate project (49) and soil data
from SoilGrids.org (50).

Fig. 2. Conceptual figure depicting the analysed mechanisms for change in community
trait composition across the study area. Tree individuals that are alive and have a diameter
at breast height equal or above 10 cm are part of the full community assemblage. Across time,
there can be changes in the community trait composition due to growth of the surviving tree
individuals (Survivor assemblage) given their increase in basal area (top right). Other
mechanisms for changing community trait composition across time are the recruitment
(Recruit assemblage) of new individuals (middle right) and the death (Fatality assemblage) of
individuals in the community.

Fig. 3. The relationship between community-mean plant traits and temperature. Trait-
environment relationships for mean annual temperature (Tmean) across the vegetation plots.
Thick blue (for lowland forests) and yellow (for montane forests) lines show the average trait
response to the climatic variable, with gray-shaded lines show 700 random draws from the
model posterior distribution representing the variability of the expected model fit. Trait-
environment relationships for maximum climatic water deficit (MCWDmean), Vapour pressure
deficit (VPDmean) and standardised precipitation-evapotranspiration index (SPElnean) are
shown in Figure S2. For full statistical multivariate model results see table S2. Asat:
photosynthetic capacity at light-saturation, C: leaf carbon content, N: leaf nitrogen content, P:
leaf phosphorus content, Area: leaf area, Fresh mass: leaf fresh mass, SLA: specific leaf area,
Thickness: leaf thickness, DE: deciduousness, Hmax: adult maximum height, WD: wood
density, Seed mass: mass of the seed.

Fig. 4. The analysed Survivor (top panel), Recruit (middle panel), and Fatality (bottom
panel) assemblages in the study. In each panel, the highlighted vegetation represents the
specific assemblage under analysis. Each panel provides a summary of observed changes in
community traits and the percentage of climate tracking by each assemblage, with exception
of the Fatality assemblage for which climate tracking is not possible.

Fig. 5. Estimated changes in mean community functional trait values across time for
tropical American forests. All traits with their spatial prediction maps are shown in Figs. S3
to S8. A) Changes in trait community-weighted mean (CWM) for leaf photosynthetic capacity
and leaf chemistry traits, B) for leaf morphology and structural traits and C) for tree phenology
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and structural traits. Each panel shows the observed yearly rate of change, obtained from
sampled vegetation plots, from the statistical models in table S3 for all forests together and
only for lowland or montane forests for the survivor (blue), recuit (green) and fatality (gray)
assemblages. Significant shifts are shown as filled circles and non-significant as empty circles.
The vertical lines depict the Highest Density Intervals (95% HDI), and the horizontal grey
dotted line indicates zero change. Asa: photosynthetic capacity at light saturation, C: leaf
carbon content, N: leaf nitrogen content, P: leaf phosphorus content, Area: leaf area, Fresh
mass: leaf fresh mass, SLA: specific leaf area, Thickness: leaf thickness, DE: deciduousness,
Hmax: adult maximum height, WD: wood density, Seed mass: mass of the seed.

Fig. 6. Tracking of trait community weighted mean (CWM) for the survivor (A, B) and
recruit (C, D) assemblages in lowland (A, C) and montane (B, D) forests given the
observed changes in climate across the sampling plots. The X axis shows the ratio of
changes in trait CWM, based on actual trait CWM changes observed at the plot level through
time, versus expected changes in trait CWM, based on spatial climate-trait relationships given
observed changes in climate. Positive values (black bars) indicate that observed and predicted
changes are both positive or both negative and, hence, are going into the same direction,
whereas negative values (grey bars) indicate that observed and predicted changes are going
in opposite directions. A ratio of change value of one would indicate perfect tracking. The Y
axis shows the traits sorted by the change ratio amount (see full statistical details in table S6
and table S7). Values of zero and close to zero represent no or slight trait shifts. Asat:
photosynthetic capacity at light saturation, C: leaf carbon content, N: leaf nitrogen content, P:
leaf phosphorus content, Area: leaf area, Fresh mass: leaf fresh mass, SLA: Specific leaf area,
Thickness: leaf thickness, DE: deciduousness, Hmax: adult maximum height, WD: wood
density, Seed mass: weight of the seed.

24



